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ABSTRACT 


Trace impurities of boron in reactor grade graphite cause 
a marked decrease in the quality of this material for reactor 
application. Accurate chemical analysis for boron at such levels 
is difficult and subject to considerable uncertainty. A method 
of estimating boron content by nondestructive testing utilizing 
the adverse effect of the impurity on the reactivity of a re- 
search reactor operating at a low power level is proposed. Such 
a method would include in boron content contributions due to some 
impurities, notably rare earths, not detected by chemical tech- 
niques. This investigation indicates that boron present in re- 
actor grade graphite is of the order of 1.2 parts per million and 
greater than is shown by other methods. This boron content can 
be estimated with a significant precision of about 0.2 parts per 
million. 

This project was done by the authors at the U. S. Naval 
Postgraduate School between August 1957 and January 1958. The 
AGN-201 research reactor was used on some 40 different occasions 
with approximately 160 hours of critical time. The authors wish 
to express their appreciation to Professor William W. Hawes who 
was present during all reactor operations due to licensing re- 
quirements. Other indebtedness is indicated under Acknowledg- 


ments. 
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1. INTRODUCTION 

For a moderator a figure of merit commonly employed is the 
moderating ratio?. This is the ratio of the slowing down power 
of the substance to its absorption cross section. I1t is defined 


Qs 


as § Te. Where JG, mand) 5G. represent Mmenescopic (croc. 





sections for scattering and absorption of neutrons, respective- 
ly*; g is the average logarithmic energy decrement. The 
worth of a moderator is greater the greater the value of the 
moderating ratio. High values of E and & anda low value 
of SG, are desired. With the exception of heavy water, pure 
graphite has the highest moderating ratio of those materials 
SUitable for use as moderator. However, introduction of very 
small amounts of any material of high cross section for neutron 
absorption will reduce its effective moderating ratio signifi- 
cantly. The tolerable limit of boron is extremely low and much 
effort has been exerted to reduce boron content of graphite for 
reactor use as far as possible. 

The chemical estimation of boron in insoluble materials is 
difficult and subject to substantial analytical errors when 
present in amounts many times that found in manufactured graph- 
ite>. Difficulties are increased as boron content is reduced. 
In reactor grades boron contents are certainly low enough that 
chemical analysis results may be quite unreliable. 

It seemed likely that a nondestructive analytical method 
might be developed utilizing the strong dependence of reactiv- 
Decy S Kees of a reactor at low power on the amount of 


boron introduced. The quantity K,r- has its conventional mean- 


ing and is the effective multiplication factor for a reactor 





and is not much different from unity; 5 Ket¢ is (Kee = eee 
a low power level and § Kef¢/Keff small, the neutron balance of 
the reactor is sensitive. A small change in neutron absorption 
or scattering is reflected in observable change in the value of 


the reactivity. 





ii; THEORY 

During the graphitization process at 4500 = 5500 °F in the 
manufacture of artifical graphite, most impurities are volatil- 
ized. The boron content, on the other hand, seems to be accu- 
mulative and does not burn off’. Because the other impurities 
occur in more or less fixed amounts, have reasonably low thermal 
neutron cross sections, and have no outstanding resonance ab- 
sorption peaks, their net effect could be regarded as common to 
all graphite made by the standard method. A base value of 3.27 
millibarns (mb) for the absorption cross section of boron-free 
graphite may be computed. Assumed values of impurity content 
and corresponding contibutions to this absorption cross section 
are given in Table I. Any increase above this value may be at- 
tributed to boron. It should be pointed out that this proced- 
ure may lead to a high value for boron if certain rare earths 
are present. Very small traces of rare earths having very high 


5) 


neutron absorption cross sections~ would be significant. In 


these amounts, independent estimation, or even detection, is 
beyond the scope of present Feenadsh 

A procedure based on the “roman al ay of a reactor to neu~ 
tron loss was developed with the first critical assembly°. As 
neutron absorbing impurities were particularly "dangerous" rela- 
tive to the attainment of a chain reaction, the procedure came 
to be called the danger coefficient method of neutron absorp- 
tion measurement. The method consisted essentially of placing 


a material with unknown nuclear properties in the center of the 


reactor and observing its effect on the reactivity. 





As employed in the present study, the method utilizes 
either of two techniques. In the first, the reactor is made 
just critical with a reference material inserted. The test 
specimen is then substituted and the control rods repositioned 
to compensate for the change in neutron economy. Alternately, 
the reactor is adjusted for a convenient positive stable peri- 
od with either a reference or a test specimen and the periods 
are determined with no change in control rod position. In ei- 
ther case, the reactivity ? is given by the expression somer- 


times referred to as the inhour equation: 








a oe . AB; 
Pe rae 
rhe) an) 
where: 
HX = mean lifetime of thermal neutrons 
T = stable reactor period 


Key = effective multiplication 


Ox 
U 


mean effectiveness of delayed neutrons 


> 
M 


the delayed fraction of total fission neutrons 


¢ 


OS 
Ul 


fraction of delayed neutrons in the i th group 


Ty, . = half life of the i th group precursor 

The values used for the above quantities and the six de- 
layed neutron groups are listed in Appendix A. A logarithmic 
plot of the equation is also shown in Appendix A. A linear 
plot is shown in Figure 1. The quantity actually observed is 


not the period T but the monitored neutron flux. The value of 


T is readily obtained from the relation. 








be 
p= ¢ ee" 


in which @ is the flux at time t and o is the initial 


miux att = 0% 








III. DESCRIPTION OF THE AGN=-20} REACTOR 

The Aerojet-General Nucleonics Model 201 research reactor 
has been caine The reactor operates at a maximum power 
eo: (Oe. watt emdva fiux sone4 54x 10° neutrons/cm* sec and was 
used at this level for the present investigation. Figure 2 in- 
dicates the general arrangement of the reactor and console. It 
Should be noted that the "glory hole" consists of an aluminum 
tube of slightly less than one inch inside diameter passing di- 
rectly through the center of the reactor. For symmetry and min- 
imum disturbance of neutron flux, the portion of the glory hole 
not containing a test specimen is filled with a holder contain- 
ing plugs to match the normal reflector and shielding. The 
sample holder is displayed with other equipment in Figure 3. 

The core is a homogeneous mixture of U0>, 20% enriched in U-235, 
in polyethylene in the form of a vertical right cylinder ten 
inches in diameter and 9% inches high. 

The thermal power level of the reactor is indicated at the 
control console by a Keithly micro-microammeter, model 410, 
reading the output of a BF3 ionization chamber located inside 
the water shield just outside the lead shield. The output of 
the micro-microammeter was fed to a Varian strip recorder, mod- 
el G-10, through a voltage divider adjusted to give seventy per- 
cent of full scale deflection (20 - 90) of the recorder over the 
range of flux desired, namely from l x 10° to 4.5 x 10° neu- 
trons/cm* sec. 

Control rod positions are indicated at the console to a pre- 
cision of 0.01 cm. It was found experimentally that reset accu- 


racy corresponded closely to the indicated precision yielding an 





uncertainty in change of reactivity of about 2 x 107° (here- 
after referred to as 2p) in the most reliable range. One 
fine and one coarse control rod are provided. They were in- 
panes boned and the worth as excess reactivity per centimeter 
was determined for the fine control rod over its full span of 
travel and for the upper portion of the coarse rod's travel®, 


Resulting calibration curves are shown in Figure 4.* 


*The ratio of the slopes (3.85:1) agrees exactly with the ratio 
of fuel loading of the coarse and fine control rods? which in- 
dicates a satisfactory calibration. 





iy ee ROCED URE 
A. MeaSurements with Graphite 

Graphite samples were furnished by the National Carbon 
Co. As described in Table II, they were solid cylinders six in- 
ches long, 7/8 inch in diameter, having machined surfaces. 
meror tO Shipment Special precautions had been takemyco wan oud 
contamination in preparation and packing of the specimens. Up- 
on receipt they were used without further preparation except 
for wrapping with several layers of cellophane*, which served to 
protect against contamination and also against any abrasion dur- 
ing placement in and removal from the reactor. The wrapped sam- 
ples are pictured in Figure 3. 

Relative changes in reactivity for all specimens were de- 
termined by positioning of control rods and adjustment to Keffeal. 
In these meaSurements the fine control rod only was moved and 
changes were effected within the linear range of the calibration 
curve. It was found that considerable time was usually necessary 
for sufficiently close adjustment and that drift in stability 
tended to introduce error. Results are tabulated in the second 
column of Table lIil. 

The graphite samples were rerun using the period measurement 
technique. With one graphite sample in place enough fine con- 
trol rod was added to give a period of 250 - 300 seconds. When 
the reactor power increased to its designed limit of 0.1 watt, 


the sample holders were removed. The loss of moderating mate- 


*lnitially, samples were wrapped in Saran (vinylidene chloride) 
but its chlorine content caused a large decrease in reactivity. 
several other wrappings, nemely, cellophane, waxed paper, alum- 
inum foil, anc polyethylene film, were evaluated and all showed 
nearly zero effect on reactivity. 
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rial caused a power decrease. At a preselected level the sam- 
ple holders were reinsertec, with the period of the resulting 
power rise being the measurec quantity. 

By use of this technique a cycle was completed in approxi- 
mately ten minutes. Seven points representing the last three 
and one half minutes were read from the recorder and replotted 


to give: 


I} 





LE 6 - Bb = 2+e@ 


from which the period T is readily obtained. Premature read- 
ings taken before the delayed neutron effect reached equilib- 
rium could be detected by a curve in an otherwise Straight line. 
Electrical transients introduced during a slope determination ° 
could be detected by a step in the straight line. 

By running one graphite sample (GBF-1) every few runs a 
true picture of the temperature drift could be obtained. Be- 
cause the control rods did not move during the slope determina- 
tions it was believed a more constant flux distribution existed 
in the reactor core. The values of reactivity calculated are 
@rven in column 3 of Table III. 

In the above series slight disarrangements of the shield 
and reflector plugs in the sample holders account for some scat- 
ter in the observed reactivity. A coil spring and wooden dowel 
backing were adced to the sample holder contents as seen in 
Figure 3. This was sufficient to insure, constant placement of 
the plugs despite any jar in handling. With the improved sample 
holders another set of period measurements was made and the data 


2 


pe 





are recorded in column 4 of Table III. They were believed the 
most accurate. 

Since the effect of the graphite wuld be proportional to 
the number of atoms, the effect of changing weight with a con- 
Stant composition was of interest. A piece of standard elec- 
trode graphite was cut to the size of the other samples. This 
Sample was then weighed, checked for reactivity in the reactor, 
turned down a few thousands of an inch, reweighed, rechecked in 
the reactor, etc. Four determinations of reactivity were made 
as indicated in Table 1V. These data include the effect aK 
boron content. However, since this is constant, a sufficient 
approximation can be made for correction, as.is shown later. 

Pemevarlatton Of Reactrvity with Total Boron 

Four similar lucite tubes were constructed and are il- 
lustratec in Figure 3. Some characteristics are tabulated in 
Table V. The size corresponds to the full in core dimensions 
fo the glory hole. Water was introduced to essentially fill and 
the tubes sealed. The water had been purified by distillation | 
and slow passage through a mixed bed of ion exchange resins*. 
Intercomparisons following the same procedure outlined under the 
third and last set of graphite measurements showed no signifi- 
cant difference in reactivity among the four tubes. They were 


considered identical for this purpose and no correction was neces~ 


*Cation exchange resin, 100-200 mesh, hydrogen form, BIO-RAD 
Laboratories, control no. 3604 21B 166. 


Anion exchange resin, 100-200 mesh, chloride form, BIO-RAD ‘ 
Laboratories, control no. 3604 8B 144. 


LQ 


A 





sary for the minor weight differences shown in Table V. 

A standard solution of boric acid was added to each of 
three tubes in increments of 0.100 milliliters of solution or 
103.5 gy of boron. Additions were made using a micropipette 
and a constant volume of solution was maintained. Reactivities 
of the boron containing tubes and the pure tube were compared 
to determine the effect of dissolved boron. It was assumed that 
the effect of the uniformly distributed boron in graphite would 
be the same. The results were recorded in Table V1 and plotted 
Ma rigure 6. 

Figure 6 clearly indicates that no self shielding effect 
was observed below 1035 pg Oryooron, Ihe effect of uniform, 
distributed boron in the central nine inches of the core is 
-0.055 2p/K3 of B. | 

C. Geometry Effects 

Twenty cylinders of 4% inch length and sample holder 
diameter were molded from finely powdered polystyrene.* They 
are shown in Figure 3 and described in Table VII. An additional 
cylinder was molded from the same polystyrene after it had been 
mechanically mixed for three days with finely powdered boric 
oxide glass. The boric oxide glass was prepared by fusion of 
boric acid at 500°C and grinding in an agate mortar. 

Position bray ers neu encnts were made with the boron 
filled cylinder through the entire core by successively replac- 
ing pure cylinders numbers one through twenty. The resulting 
traverse of the core diameter is shown in Figure 7. 


*Crystal polystyrene, 3X beads, KOPPERS Co., Inc. sample no. 
C5K-5084 


Il 





From graphical integration unaer the curve of Figure 7 
the relative effect on the reactor of distributed boron as : 
function of position may be ceterminea. This was plotted as 

normalizec curve in Figure 8. A comparison of the values 
for six anc nine inch lengths in Figure 8 indicated the effect 
of the boron was multiplied by 1.2 for the shorter length. 
Applying this correction to the value for specific reactivity 


change obtained with boric acid solutions a new value of -0.066 


at | 3 Giee 15 found. 
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Poe Revit 

lt was shown that the graphite measured at varying masses 
exhibitec behavior similar to that of the sample of electrode 
graphite, as would be expected. ‘For purpose of correction for 
its boron content the assumption that the two had identical 
boron contents was justified. The correction was not large and 
unless the assumption is greatly in error the resulting value 
for dependence of reactivity on graphite mass should be sub- 
Stantially correct. The absorption cross section given for e- 
lectrode graphite was 5.0 mb. Taking this value for use as a 
correction the slope becomes +4.80 pele for boron-free 
graphite. 

From the assembled data it was then possible to compute 
boron values for the several samples. In Table 1 boron-free 
@eaphite was assigned a value of 3.27 mb for G6, and this value 
should increase by 0.84 mb for each ppm.of boron. As previous- 
ly indicatec there is evicence that the data from the last | 
column of Table III is the most accurate. These values were 
plotted in Figures 9 ana 10. Several considerations led to the 
conclusion that the SG, value of 4.0 mb of sample GBF was prob- 
ably the most reliable. Therefore GBF would have 0.73 mb cue 
to boron. This would represent 0.87 ppm by Table 1 values. 
This in turn represented S969 eg of boron at the weight of GBF-l 
and 88.1 “4 at the weight of GBF-2. That much boron in a $ix 
inch length by “C066 pep/m.4 of boron would represent -5.9 rae 
i GBE=1 and i a Way (Glee me 

In Figure 9 and its expanded plot of Figure 10 the reference 


base was constructec t> yield these values for the GBF Specimens. 


is 





The corrected slope for boron-free graphite of +4.80 P| & 

of carbon was drawn through said points. The boron content of 

other graphites may then be calculated. These values are list® 
ed in Table VIII. Briefly, it was found that AGOT contains a- 

bout 1.2 ppm of boron and for AGR one sample contains 2.6 ppm 


while the other has only 0.8 ppm. 


14 





Vi DSC USSTON 

The absolute accuracy obtained is dependent on both the ex- 
perimental scatter of measurements and the validity of assump- 
tions leading to the base values. 

In all measurements a slow drift in reactivity was observed. 
The drift was not constant or predictable but was generally 
downward after initial stabilization. The behavior suggested 
a temperature vorrei.” The temperature coefficient of the 
reactor was about -275 pep 7 C . it may be shown that the heat 
producéd by the reactor operating at 0.1 watt thermal power is 
inadequate to account for the observed drift. However, some con- 
nection with changes in ambient air temperature and radiant en- 
ergy was found. For example, the drift was greatest on bright 
days and at a time of day when changes in solar heating were 
‘most pronounced. This may well be the primary cause for the 
drift or at least contribute importantly. The drift made neces- 
Sary the concurrent running of a standard. In early measurements 
a standard was run alternately with a specimen but this frequen- 
Cy appeared unnecessary and in later experiments was reduced to 
one in every two or three runs. 

As an illustration of the data treatment techniques used, 
the one point representing the reactivity change caused by 
931.543 of boron in aqueous solution may be examined in more 
detail. Figure ll shows the reactivities determined in tubes 
one through four plotted against time. Tube one contained pure 
water while the others were filled with solutions of the above 
concentration. The drift was assumed to be linear and a 
Straight line was fitted to the more numerous points of tubes two 


through four by the method of least squares. + The standard 


igs 





deviation of such a line was calculated as ae The drift 

was assumed the same for the number one tube and a parallel 

line was fitted to those points. The standard deviation of 

this line was 1.8m, for a total standard deviation of 2.8 pp 
The cifference between the lines then corresponded to 9142.5 Me, 
as reported. Obviously, the ‘total standard deviation could be 
reduced by more frequent observation of the standard. 

The best values obtained for graphite show a probable error 
of about 1.4 mp. This represented about 20 4g total boronmeas 
the sample or 0.2 ppm. AS Seen in Table VIII the final result 
indicated different boron content in-some of the sample pairs 
considered. An examinrtion of the AGR sample pair indicated 
that AGR-l1 contained more boron than AGR-2. The difference is 
more thn can be accounted for by experimental error and it 
must be concluded the difference is real. Results on pairs of 
other samples which were believed to be cut from the same block 
agree within the probable error of the determinations. The as- 
Sumptions involved in base value estimation affect the absolute 
accuracy but not the relative values for the various graphite 
Samples. 

Results with sample 2-4 were clearly inconsistent. Sample 
2-4 exhibited an incre>sec reactivity considerably beyond that 
attributable to its mass. From the magnitude of the increase 
it seemed evident that some neutron scatterer other than carbon 
was present. This sample was deScribed as impregnated. If the 
sample was impregnated witn pitch which contains hydrogen and 
the hydrogen was not removed completely during the graphitiza- 


Cnet MS Could saccouht for tne inc reagee reactivity. 
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Vi ieee CONCLUSIONS 

Boron content can be estimated by the use of a low power 
research reactor. The boron content reported would include 
the effects due to high cross section rare earths if present. 

The present method permits a determination about every 
ten minutes of reactor time with several determinations neces- 
Sary to achieve satisfactory precision at boron levels of in- 
terest. A sensitivity of about 0.2 ppm of boron has been ob- 


moaned. , 
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TABLE I 
COMPARATIVE IMPORTANCE OF VARIOUS ELEMENTS PRESENT IN A TYPICAL 
REACTOR GRADE GRAPHITE (AGOT) 


: * * 
ELEMENT TYPICAL ATOMIC on G, GC. G, 
ANALYSIS WEIGHT (BARNS) (BARNS) ( BARNS ) (BARNS) 
Carbon 10° Te ON ©. 063s2 4.8 3.2x107° 4.8 
Calcium 185 40.08 0.43 9 C.022x107°% 5.5x1073 
Titanium 9 47.90 5.6 4 0.013x107" .36x107° 
Vanadium 18 50.95 5.1 5 0.022x1073 0.8x1077 
Iron ow 55.85 2.53 ll 0.017x1072 ses hen 
Sa Wey cr 4 
=; i —~ ae se ~ . 
without 
Boron) 10° - 3,.27x1073 4.8 
Boron l 10.82 755 4 0.84x1073  4.4x107° 
a 
with 
Boron) 10° 4.llxl0"3 4.8 


NOTES: (1) It can be seen that one part per million of Boron in-= 
creases the graphites absorption cross section for 
thermal neutrons by about 27% while the same amount of 
Boron has no-effect on the scattering cross section. 


fo eross sectionmvalues are trom Reference 1. 


eiBOLS : 
, = thermal neutron absorption cross section (barns) 
Oe Ve y scattering i : : 
m ECeré€mfal 
E . k= GC = co Meme wi Carma | Ee 
x aS weighted effect on Sa. = la a ee ppm es 
Shs " " " By 
Os G; = Sy a xls 7 


P50) 








RaB LE? iT 


DESCRIPTION OF GRAPHITE SAMPLES SUPPLIED BY NATIONAL CARBON 


COMPANY 
BORON CROSS 

SAMPLE CONTENT™* SEC TION* DESCRIPTION 

AGOT not reported about 4.9 mb. Standard reactor 
graphite 

GBF not reported 20 amb Gas baked and puri- 
fied coke 

AGR O.6 ppm 5 mb Standard electrode 
graphite 

274 not reported 22 Oe mb Impregnated graph- 

; ie 

DIMENSIONS AND WELGHTS 


All samples six inches long and 7/8 in. diameter, except for 


2-4, whose lengths were 3 in. 


Each six inch sample and pairs of 


three inch samples were wrapped in 6"x7" sheets of cellophane be- 


fore weighing, and a correction was made for the weight of wrap- 


ping. 
SAMPLE NUMBER 
AGR-1 
AGR=-2 
AGOT=1 
AGOT=2 
GBF=-1 
GBF =2 
| 2-4 (1+2) 
2-4 (3+4) 


NET WEIGHT (9) 


OZ. 
Uae 
oe 
De 
102 
101 
SEO) 
Palle 


*Analysis and cross sections reported 


za 


6193 
4405 
5709 
1468 


PASS 
noe o7 


9061 


2804 
by National Carbon Co. 





TABLES ba 


SAMPLE Not peacravary | 
AGR=1 484 | 485 + 1.9 485 + 1.9 
AGR-2 483 . 470 om 495 + 3.3 
AGOT-1 516 503 + 5.7 516 + 2.4 
AGOT=2 i 514 + 5.7 516 + 2.3 
GBF-1 541 541 4 1.1 | 541 + 2.2 
GBF-2 536 532 + 3.8 537 + 2.2 
(2-4)- 1+ 2 680 SES se S5€ 693 2 
ee4)- 3+ 4 1682, 684 + 6.8 689 "+ 2.9 
Polyethylene 938 ee = 

Pee Volume (void) 0 O O 


fi 


NOTE: The reactivities observed by period measurements used 
varying base points. After observation they were all 
referred to a common base point (air volume or void=0. ) 
The deviations indicated are for the difference measure- 
ment and not for the total reactivity. 


Ze 





HA IN_REAC 
SAMPLE LENGTH 
(in) 
X=] 6 
X-2 : 6 
aS 6 
X=-4 6 


TABLE Sy 


TS 


NW! 

(rp) 
497 + 3.6 
455 + 3.4 
436 + 2.1 
343 cee 





TABLE V 
DESCRIPTION OF LUCT PES wEE. 


ENS IONS 
LENGHT : overall SOM sine 
water space Saati 
DIAMETER: inside O74 sane 
outside 7/8 in. 
WEIGHTS 
Tube Empty Filled Weight 
aes 
Il 44.1320 Le? . 2034 63.0714 
2 43.9630 107.1410 63.) 7a 
3 44.2141 Oy. idea 62.9643 
4 44.1486 107.2093 63 0607 
D=ETAtc OF TVBE ENCOS 
sO | io a RP oe Twce WAGE CPEMCu eS 
mer risa 
\ ie \ NUNC Ne NON 8 \ \ Na a 





| // / 
Vh TO 
SOLUTION | 


/ ic: Ur 
Z 


ne / 
< 


(/ 
ee a ee ee / GRGE a a 
rf 
ScALE* SARTCE. GACT esc, eee 
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TABLE Vi 





RELA REA 2 ATER-FILLES B NTAINING BORON 
VOLUME OF SOLUTION cy WEIGHT OF BORON(«4) (AP) 
100 NOG. 650) a 2 
200 ZO nO ] 1). Sages 2 te 
300 32055 19 Oo ae 
| 400 414.0 19 So 2 eo 
S106) Sino 31]. Oso aG 
600 Sale 34 0 255 
700 724.9 3/7, Ove 
800 62620 44.0 + 3,6 
900 oe ire: D1. OSs eee 
1000 hOSS..0 D7 0 eas 
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TABLE Vis 
DESCRIPTION OF POLYSTYRENE VC WE riba 


DIMENSIONS: All cylinders were one half inch long and 0.8 inch 
in diameter. 


WEIGHTS : ' 
No. wt. (g) 
1 4.399 
2 4.340 
3 4.260 
4 4.514 
5 4.309 
6 4.222 
7 7 4.346 
g 4.307 °' 
9 AND 
10 4.360 
ia 4.379 
12 4.186 
13 4.095 
14 4.406 
15 4.333 
16 Ue 
17 4.367 
18 4.493 
19 4.288 
20 4.237 
I CYLI 
Nc; 
B-1 4.1438 


Zon: 





a 


TABLE VIII 
ESTIMATION OF BORON IN GRAPHITE SAMPLES 


BORON CONTENT BORON CONTENT 


RESGTi yi ty DUE 


SAMPLE 4a (9) ore 

GBF-1 Spot 22 69.1 + 33.4 CFE er cic 
GBF-2 oot 2a eopewt 33.4 0.37 et Rss 
AGOT-1 eo 2a PoOmOet So. 4 1233 2S 
AGOT-2 Or oet 2ee 98.5 + 34.9 1.01 47°0236 
AGR=-1 {ES lpytove cut os re’ 239 70st 23,8 2.05 + Omer 
AGR~2 pao tS. So 75.8 + 50.0 0-62 eres 
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THE INHOUR EQUATION 
Reactivity 1S sometimes expressed in terms of the inverse 
hour or "inhour" unit, defined as the reactivity which will 
make the stable reactor period equal to one hour, or 3600 sec. 
( = reactivity 
£ = mean lifetime of thermal neutrons 


| = stable reactor period 


Keay = effective multiplication 
& = mean effectiveness of delayed neutrons 
Viaee-etiie delayed fractromsommecotal fisstomemcurcrons 
{ = fraction of delayed neutrons in the ith group 
Ty, = half life of the ith group precursor 


The following are the values used in computing this 
equation: 


x 


¥,14 (thet is, the delayed neutrons are emattecmens 
a lower energy than prompt neutrons and are 
therefore more effective. ) 


A = 0.00665 

g = 1074 sec. 

GROUP Bs ‘ty i (sec) 

Bs 7 
Crs | Roce 54,5] 

2 DN 21.84 
3 188 6.00 
4 .407 2.23 
5 128 0.496 
6 026 ene 


The inhour equation: 
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